The introduction of new therapies against particular genetic mutations in non-small-cell lung cancer is a promising avenue for improving patient survival, but the target population is small. There is a need to discover new potential actionable genetic lesions, to which end, non-conventional cancer pathways, such as RNA editing, are worth exploring. Herein we show that the adenosine-toinosine editing enzyme ADAR1 undergoes gene amplification in non-small cancer cell lines and primary tumors in association with higher levels of the corresponding mRNA and protein. From a growth and invasion standpoint, the depletion of ADAR1 expression in amplified cells reduces their tumorigenic potential in cell culture and mouse models, whereas its overexpression has the opposite effects. From a functional perspective, ADAR1 overexpression enhances the editing frequencies of target transcripts such as NEIL1 and miR-381. In the clinical setting, patients with early-stage lung cancer, but harboring ADAR1 gene amplification, have poor outcomes. Overall, our results indicate a role for ADAR1 as a lung cancer oncogene undergoing gene amplification-associated activation that affects downstream RNA editing patterns and patient prognosis.
INTRODUCTION
Non-small-cell lung cancer (NSCLC) is the primary cause of cancerrelated death. 1 The poor outcome of patients with NSCLC is associated with several factors, among which are late disease diagnosis and the small number of effective drugs. The absence of validated prognostic biomarkers may also be relevant, because even patients with stage I NSCLC who undergo potentially curative surgical resection have a 5-year relapse rate of 35-50%. 1 Comprehensive genomic analyses have revealed a few genetically altered therapeutic targets in lung adenocarcinoma, such as EGFR mutations and ALK translocations, 2 but many more drug-actionable genetic hits are necessary if the clinical course of this tumor type is to be significantly improved. In this regard, beyond the classical signaling pathways, less explored molecular and cellular networks can also contribute to lung tumorigenesis and provide promising targets for new anticancer compounds. One particular candidate is RNA editing. 3 RNA editing is defined as chemical modifications in the RNA transcript after synthesis by RNA polymerases. 3 These specific changes in RNA sequence can dramatically alter the amino acid composition and properties of the messenger RNA-derived protein.
Recent studies indicate that many thousands of transcripts are affected by RNA editing, including mRNAs and non-coding RNAs. [4] [5] [6] [7] Two families of proteins carry out editing by deamination: apolipoprotein B mRNA editing complexes, including the apolipoprotein B mRNA editing complex ortholog activation-induced cytidine deaminase), which convert cytosine to uracil (C-to-U), and the adenosine deaminases acting on RNA (ADARs), which convert adenosine to inosine (A-to-I). 3 Analysis of the spectrum of mutations has implicated apolipoprotein B mRNA editing complexes-mediated editing in many cancers 8 and the contribution of activation-induced cytidine deaminase to lymphomagenesis is well established. 9 However, the role of ADARs in tumorigenesis has been less extensively investigated. There are three ADAR genes in humans: ADAR1, ADAR2 and ADAR3. The first two of these are competent at editing and ubiquitously expressed, whereas ADAR3 expression is restricted to the brain and no editing activity has been described. 3 Direct involvement of ADAR1 A-to-I-mediated editing in cancer development has been described in hepatocellular carcinoma, where ADAR1 upregulation stabilizes antizyme inhibitor 1 (AZIN1) by increasing its editing frequency, leading to increased amounts of downstream oncogenic proteins. 10 In addition to liver cancer, 11 different expression levels of ADAR1 have been related to other malignancies such as melanoma, 12 esophageal cancer 13 and chronic myeloid leukemia. Institute for Research in Biomedicine (IRB), c/ Baldiri Reixac 10 08028, Barcelona, Catalonia, Spain; 10 of a candidate oncogene may give tumor cells a growth advantage as well being potentially useful as a biomarker for cancer diagnosis and prognosis, and ultimately for designing targeted therapies. Once we identified ADAR1 gene amplificationmediated overexpression, we also studied its consequences for in vitro and in vivo tumoral growth, for RNA editing levels of target transcripts and its potential value as a biomarker for clinical outcome in lung tumors.
RESULTS AND DISCUSSION
We first screened a collection of nine human NSCLC cell lines for the RNA expression levels of the two main ADARs, ADAR1 and ADAR2. These cell lines were A549, NCI-H1975, NCI-H1993, NCI-H1437, Cal12T, NCI-H1650, NCI-H1703, NCI-H441 and NCI-H1395. We also assessed ADAR1 gene expression in the human bronchial epithelial cells immortalized with telomerase and Cdk4-mediated p16 bypass (HBEC3KT) and a HBEC3KT tumorigenic-derived clone in which p53 has been knocked down and an oncogenic K-Ras mutation has been introduced (V12) (HBEC3KT-p53-K-Ras). 15 The lung cancer cell lines were purchased from the American Type Culture Collection (Rockville, MD, USA) and were grown and maintained in 10% fetal bovine serum in Roswell Park Memorial Institute medium. Using quantitative reverse transcription-PCR we observed that ADAR2 expression did not show any significant differences within the described cell lines (Figure 1a and Supplementary Figure S1) ; however, a different pattern was found in ADAR1. Three NSCLC lines, NCI-H1395, NCI-H1993 and NCI-H1437, expressed significantly higher levels of the ADAR1 transcript than did all other cell lines ( Figure 1a and Supplementary Figure S1 ). ADAR1 overexpression was further validated at the protein level: western blot analyses confirmed its enhanced expression in NCI-H1395, NCI-H1437 and NCI-H1993 cells relative to the other cell lines (Figure 1b) . Immunofluorescence further confirmed the existence of ADAR1 overexpression in these three NSCLC cell lines ( Figure 1c ). As expected, the pattern of staining reflected the nuclear localization of the ADAR1 protein (Figure 1c) , confirming that ADAR1 is in constant flux in and out of the nucleolus as it has been previously reported 16 (Supplementary Figure S2) .
We next considered the possible existence of aberrant extra copies of the ADAR1 gene, a common mechanism of activation of oncogenes such as ERBB2 and MYC, that could lead to the described overexpression of the ADAR1 RNA transcript and protein. Adopting fluorescence in situ hybridization ( Figure 1d ) and a quantitative genomic PCR approach (Figure 1e ), we observed ADAR1 gene amplification in the three ADAR1-overexpressing NSCLC lines mentioned above. This increase was particularly important in the cancer cell line H1395 (Figures 1d and e) . The remaining NSCLC cell lines and the HBEC3KT/HBEC3KT-p53-K-Ras pair showed no apparent change in ADAR1 gene copy number (i.e., amplification, half gene dosage or homozygous deletion). Multiplex ligation-dependent probe amplification further confirmed the presence of ADAR1 gene amplification in NCI-H1395, NCI-H1437 and NCI-H1993 (Figure 1f ). Multiplex ligation-dependent probe amplification also validated the finding of a normal ADAR1 gene copy number in A549, Cal12T and HBEC3KT/HBEC3KT-p53-K-Ras cells, which are used as illustrative examples (Figure 1f ). Finally, using the Illumina Infinium HumanOmni5 microarray, which interrogates 4 301 332 singlenucleotide polymorphisms per sample, we determined the size of the amplicon containing ADAR1 in the three lung cancer cell lines studied here: NCI-H1993 (759 573 bp), NCI-H1437 (767 275 bp) and NCI-H1395 (1 502 410 bp). Genomically, ADAR1 (45 923 bp) was located in the middle of the smallest identified region of recurrent amplification (662 085 bp) (Figure 1g ).
Once we had demonstrated the presence of ADAR1 gene amplification and its associated overexpression in the lung cancer cell lines, we examined its contribution to the tumorigenic phenotype in vitro and in vivo. We first analyzed the effect of ADAR1 depletion in lung cancer cells harboring its gene amplification and associated overexpression. Six ADAR1 shRNA-depleted clones were established for NCI-H1993 cells and two clones were established for NCI-H1395. Experiments for each clone were performed in triplicate. We observed that the reduction of ADAR1 expression in the gene-amplified cells had cancer growth-inhibitory features. Upon stable transfection of shRNAs against ADAR1 in the gene-amplified NCI-H1993 and NCI-H1395 lung cancer cell lines and efficient depletion of the ADAR1 protein (Figure 2a ), the cells proved less viable in the 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide assay ( Figure 2b ) and had a markedly reduced percentage colony-formation density in the assay developed on plastic plates (Figure 2c) . Transfection of the scramble shRNAdid not reduce cell viability (Figure 2b ) and had no impact on the colony formation assay (Figure 2c) . The shRNA-mediated depletion of ADAR1 in both cell lines using identical shRNA sequences that targeted ADAR1 was also associated with growth inhibition (Supplementary Figure S3) . The used ADAR1 shRNA sequences did not target ADAR2 (Supplementary Figure S4) . We next tested the ability of ADAR1 shRNA-depleted NCI-H1993 cells to form subcutaneous tumors in nude mice compared with scramble shRNA-transfected cells (Figure 2d ). NCI-H1993 scramble shRNAcells formed tumors rapidly, but cells with shRNA-mediated depletion of ADAR1 had much lower tumorigenicity measured in terms of tumor volume and weight ( Figure 2d) . We then performed an orthotopic growth study, implanting equal-sized tumor pieces from the subcutaneous model in the lung. We observed that orthotopic ADAR1 shRNA-depleted tumors were significantly smaller and lighter than the scramble shRNA-derived tumors (Figure 2e ). Most important, we also used a robust in vivo model of metastasis that it is not influenced by tumor burden: direct spleen injection. We observed that direct spleen injection of ADAR1 shRNA-depleted NCI-H1993 cells induced a lower level of formation of liver metastases than did scramble-shRNANCI-H1933 cells (Fisher's exact test, Po0.001) (Figure 2f ).
We also studied the oncogenic potential of ADAR1 by evaluating its ability to enhance cell growth and invasion in the lung carcinoma cell line A549, which does not feature ADAR1 gene amplification. To this end, we transfected the plasmids driving the expression of the p110 isoform of ADAR1 and performed matrigel invasion ( Figure 2g ) and colony formation (Figure 2g ) assays. We observed a significant increase in the number of invasive cells and colonies upon ADAR1 transfection compared with empty vector-transfected cells in the two described assays. Similar results were obtained from the woundhealing assay. We observed that stable transfection of ADAR1 in A549 cells caused a significant increase in the migration rate (Student's t-test: P o 0.01; Figure 2g ). Importantly, we found that direct spleen injection of ADAR1-transfected A549 cells induced a higher number of liver metastases than empty-vector transfected cells (Fisher's exact test, P o0.001; Figure 2h ). Importantly, ADAR1 stable transfection in another unamplified cell line (HBEC3KT-p53-K-Ras) mimicked the effects observed in A549: the induced overexpression of ADAR1 increased colony formation and the migration rate (Figure 2i) .
We also wondered about gene targets whose RNA editing could be altered in ADAR1-amplified lung cancer cell lines and that could further explain the aforementioned impact on cell growth and invasiveness. Whole-transcriptome sequence analysis in human tissues indicates thousands of possible A-to-I editing sites in nonrepeat sequences. [4] [5] [6] [7] Among these involves the DNA repair enzyme NEIL1, a finding that was validated and studied in greater detail. 17 Herein, we have studied the existence of possible different A-to-I editing levels in the identified site of the NEIL1 RNA (lysine 242 AAA codon) according to the ADAR1 gene dosage. We have found that the ADAR1 gene-amplified lung cancer cell lines NCI-H1395 and NCI-H1993, relative to the ADAR1 normal copy number cells A549 and HBEC3KT-p53-K-ras, show a higher frequency of A-to-I editing. NEIL1 AAA-to-AIA editing is observed in 92 and 82% of the sequenced transcripts in NCI-H1993 and NCI-H1395, respectively, whereas it is occurs in only 28 and 45% of the NEIL1 RNAs from A549 and HBEC3KT-p53-K-ras (Figure 3a) . The editing of a second adenine (AAA-to-AII) for the lysine 242 codon of NEIL1 was also observed in our sequencing analyses, where it was also enriched in the lung cancer cell lines harboring ADAR1 and telomeric probes were labeled with Spectrum Green and Red dUTP (Abbott, Wiesbaden, Germany), respectively, using a CGH Nick Translation Reagent Kit (Abbott Molecular Inc., Des Plaines, IL, USA). The samples were counterstained with 4′,6-diamidino-2-phenylindole in Vectashield antifade solution (Burlingame, CA, USA). Gene amplification was observed in the interphases of NCI-H1395, NCI-H1437 and NCI-H1993 cells. Probes were verified to give a single signal on normal commercial lymphocyte metaphase slides (CGH Reagents; Abbott). (e) Assessment of ADAR1 copy number by quantitative genomic PCR. Amplification frequency of ADAR1 (evaluated with SYBR Green; Bio-Rad, Hercules, CA, USA) was calculated by the standard curve method using the 7900HT SDS program. To define an internal control gene, we chose chromosome 1p36.11 because it is the least aneuploid region among our cell lines (RPL11 gene). Primers are available upon request. DNA from the normal lung was used as the reference standard. Results are reported as n-fold copy number increase relative to the RPL11 gene. (Figure 3a) . In addition, we further proved the role of ADAR1 in the editing levels of these NEIL1 RNA sites by external intervention: stable transfection of ADAR1 in A549 and HBEC3KT-p53-K-ras cells increased lysine 242 AAA codon editing (Figure 3b ), whereas ADAR1 shRNA-mediated depletion in the amplified NCI-H1993 and NCI-H1395 cell lines reduced the levels of the NEIL1 transcripts containing the AIA and AII codons (Figure 3b) . shRNA-mediated depletion of ADAR2 did not affect NEIL1 editing (Supplementary Figure S4) .
ADAR1 gene amplification
We used a second strategy to verify ADAR1-candidate RNA targets by studying a minigene construct formed by the fusion of an RNA-editing inducer 18 and miR-381, a target of editing in glioblastoma 19 ( Figure 3c ). Lentiviral particles containing the described contruct were used to infect the ADAR1-amplified NCI-H1993 cell line. Upon ADAR1 shRNA-mediated depletion, we observed a significant decrease in the A-to-I editing of miR-381 in these infected cells (Figure 3d) . Importantly, we observed that the A-to-I editing on the proposed targets contributed to the phenotype of lung cancer cells: we found that the overexpression of the edited NEIL1 and miR-381 transcripts significantly enhances the growth of A459 cells in comparison with the transfection of the unedited transcripts (permutation test, Po0.001) (Supplementary Figure S5) . Overall, these findings suggest that, in the studied lung cancer cells, ADAR1 controls the A-to-I editing levels of critical target genes, having shown the example of NEIL1, a DNA repair gene involved in the removal of a wide array of modified bases 20 and miR-381, a microRNA implicated in stemness, chemoresistance and other cancer-relevant pathways. 21, 22 Importantly, numerous other transcripts are known to be edited and those in aggregate might need to be considered for a proper functional understanding of the role of ADAR1 gene amplification-associated overexpression in lung tumorigenesis. Finally, we sought to demonstrate that the presence of ADAR1 gene amplification was not a specific feature of in vitro-grown lung cancer cell lines and that it also occurred in primary tumors of lung cancer patients. In this regard, recent genomic data using single-nucleotide polymorphism microarrays confirm the gain of the 1q21 chromosomic region, where ADAR1 is located, in primary lung tumors. 23 In the present study, we performed multiplex ligation-dependent probe amplification of the ADAR1 locus using a collection of 162 primary non-small-cell lung tumors comprising 147 lung adenocarcinomas and 15 squamous cell carcinomas. We identified ADAR1 gene amplification in 16 tumors comprising 10.2% (15 of 147) and 6.6% (1 of 15) adenocarcinoma and squamous lung cancer cases, respectively (Figure 4a) . Most importantly, when we performed ADAR1 immunohistochemical staining for 12 primary lung cancer cases for which ADAR1 copy number had been determined by multiplex ligation-dependent probe amplification, we found that the presence of extra copies of ADAR1 was associated with overexpression of the ADAR1 protein (Figure 4b ). Interestingly, in those lung cancer patients for whom we have clinical information and a long follow-up over different stages (n = 128), the presence of the ADAR1 gene amplification (in 8.5%, 11 of 128, cases) was associated with a shorter relapse-free survival that was very nearly statistically significant (log-rank test: HR = 2.29; 95% CI = 0.96-5.48; P = 0.054) (Figure 4c ). The clinical stage (tumor, node, metastasis) of the lung cancer is known to be an independent prognostic factor, including in our cases (Cox multivariate regression: HR = 2.22; 95% CI: 1.14-4.31; P = 0.02) (Figure 4c ). Therefore, we examined whether ADAR1 extra-dosage marked those patients with stage I tumors at high risk of recurrent disease, and found this to be the case. We observed that ADAR1 gene amplification, which was present in 8 of 90 (8.8%) stage I cases, was associated with shorter relapse-free survival (log-rank test: HR = 3.31; 95% CI = 1.24-8.83; P = 0.011) (Figure 4d ) and it was an independent prognostic factor in this set of patients (Figure 4d) .
Our results indicate that the RNA-editing enzyme ADAR1 undergoes gene amplification as part of the natural history of NSCLC. The copy-number gain for ADAR1 is associated with overexpression of the transcript and protein in lung cancer cell lines and primary tumors. Under these circumstances, ADAR1 exerts growth-enhancing activity in vitro and in vivo, as we have shown by depletion and transfection experiments in cell culture and mouse models. From a functional standpoint, ADAR1 mediates the A-to-I editing levels of coding (NEIL1) and non-coding (miR-381) RNA transcripts. Interestingly, a high ADAR1 copy number is associated with poor outcome in early-stage lung cancer patients, which could be useful in the clinical management of these cases. Overall, our findings imply a role of an altered RNA editing pathway in lung tumorigenesis.
